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Background: Translating findings on the genomic landscape of metastatic clear-cell renal cell carcinoma (mccRCC) into
clinical practice remains challenging. A better understanding of the molecular features of mccRCC could identify a
prognostic and/or predictive role for ccRCC genomic alterations.

Patients and methods: In this real-world observational study based on the nationwide (US-based) de-identified Flatiron
Health-Foundation Medicine, Inc. clinico-genomic database (FH-FMI-CGDB), we investigate the frequency and co-
occurrence of genomic alterations in mccRCC patients and assess their prognostic role. Patients (n = 858) were
adults diagnosed with mccRCC, with FH electronic health records between 2011 and 2022.

Results: The top 10 mutated genes were VHL (73.9%), PBRM1 (42.4%), SETD2 (25.3%), CDKN2A (20.0%), BAP1 (16.4%),
CDKN2B (16.0%), KDM5C (14.5%), TP53 (12.9%), PTEN (11.7%), and TERT (9.2%). Eight genes showed prognostic value:
CDKN2A, CDKN2B, TP53, PTEN, NF2, PIK3CA, and MTAP were linked to worse prognosis, whereas PBRM1 was associated
with better overall survival (OS). Two of the three identified gene clusters had prognostic value: cluster 1 (VHL, SETD2,
PBRM1, KDM5C, NFE2L2) correlated with better OS [adjusted hazard ratio (aHR) 0.63, P < 0.001], whereas cluster 3
(CDKN2A, CDKN2B, BAP1, NF2, MTAP) correlated with shorter OS (aHR 1.36, P = 0.023).

Conclusion: We identified eight genes and two gene clusters with prognostic significance for mccRCC. Future research
will explore the predictive value of gene clusters in various treatments.
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INTRODUCTION

Renal cell carcinoma (RCC) is the most commonly diagnosed
renal neoplasm worldwide, with an estimated 431 288 new
cases in 2020.% Clear-cell RCC (ccRCC) histotype is the most
frequent, accounting for 75% of all RCC cases.> Among RCC
patients, 33% are diagnosed when the disease is already
metastatic. Overall, the 5-year survival rate of RCC patients
is 50%; however, despite therapeutic improvements, met-
astatic patients should still be considered incurable.*”

The therapeutic management of metastatic ccRCC
(mccRCC) has undergone many paradigm shifts over the last
three decades. Starting from cytokine-based immunotherapy,
the systemic treatment of mccRCC was implemented with the
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introduction of targeted agents, immune checkpoint in-
hibitors (ICls), and, more recently, immune-based combina-
tions. This led to a dramatic improvement of median overall
survival (OS) from <1 year in the 1990s to >4 years in recent
years,® but also to new challenges in the management of
adverse events.’

Currently, the standard of care (SoC) for first-line mccRCC
therapy is represented by either a combination of ICI + ICI
or of ICl + antiangiogenic agent.>*** Nevertheless, immuno-
combinations fail to elicit deep and durable responses in all
patients, and currently no available subsequent second-line
treatment is supported by solid scientific evidence.*****
Moreover, although promising novel treatment options are
currently under evaluation, no substantial changes to first-
line treatment are expected in the near future.

Genomic profiling of mccRCC could be a step in the right
direction to solve the impasse as it could enable the
development of more targeted agents, potentially leading
to a fully personalized therapeutic approach.™

The first whole exome sequencing RCC cohort was pub-
lished by The Cancer Genome Atlas (TCGA) research
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network in 2013'%; since then, many efforts have been
made to investigate the genomic landscape of ccRCC*®*’
and identify genomic alterations that correlate with clin-
ical outcomes.**1&2*

From these case series, the most common gene alter-
ations in ccRCC were VHL, PBRM1, SETD2, BAP1, and
KDMS5C 72222 that play a key role in disease development
and progression.’***

While inactivation of VHL, the most frequently altered
gene in sporadic RCC, has no significant prognostic
impact,*® some other genes’ alterations influence OS posi-
tively (PBRM1?’) or negatively (SETD2,?® BAP1,%® CDKN2A,*
MTAPY PTEN,”® and NF2*'). An additional layer of
comprehension was added by studying the co-occurrence of
these mutations: PBRM1 is frequently associated with
SETD2" and is mutually exclusive with BAP1'>; CDKN2A is
frequently associated with MTAP and their co-occurrence
has been associated with sarcomatoid differentiation and
therefore poor prognosis.*’

Despite advances in understanding mccRCC at the genomic
level, translating these findings into common clinical practice
remains a challenge because: (i) there is a general lack of
genomic profiling case series focusing only on metastatic dis-
ease; (ii) many genomic profiling studies were not oriented to-
ward immediate clinical applicability; and (iii) wide genomic
profiling panels are difficult to carry out in daily clinical practice.

In this retrospective observational study, we used data
from electronic health record (EHR)-derived database to
investigate the real-world frequency and co-occurrence of
molecular alterations in mccRCC patients and assess their
prognostic role.

PATIENTS AND METHODS

Study design and data source

This retrospective observational study relied on the
nationwide (US-based) Flatiron Health (FH)-Foundation
Medicine, Inc. (FMI) RCC clinico-genomic database (FH-FMI-
RCC-CGDB), including data originating from over 280 US
cancer clinics (~ 800 sites of care, as of January 2024) in the
academic and community oncology settings.?’ The data are
de-identified and subject to obligations to prevent re-
identification and protect patient confidentiality. The
CGDB is a patient-level database generated through a
deterministic link between the FH longitudinal database
sourced from EHR and the FMI genomic database. The de-
identified clinical data comprised structured and unstruc-
tured data, collected via technology-enabled chart
abstraction from physician’s notes and other unstructured
documents. Genomic data, including specimen features and
alteration-level details, were derived from FMl’s next-
generation sequencing (NGS) tests.’**? This analysis was
restricted to solid tissue-based assays to ensure a like-to-like
comparison between patients profiled using different test
types. More details related to data collected and compre-
hensive genomic profiling (CGP) testing are reported in
Supplementary Methods, available at https://doi.org/10.
1016/j.esmo0p.2025.104294.

2 https://doi.org/10.1016/j.esmoop.2025.104294

M. Rizzo et al.

Patient population

The RCC-specific cohort within the CGDB was used for this
study. The RCC CGDB includes patients who: (i) received a
chart-confirmed RCC diagnosis [International Classification
of Diseases (ICD)-9 189.x or ICD-10 C64x or C65x]; (ii) had at
least two documented clinical visits in the FH network on or
after 1 January 2011; and (iii) underwent CGP testing by
FMI on a tumor sample collected no earlier than 1 month
before the FH diagnosis date.

Selected patients included in this study were adults (>18
years of age at index date) with a diagnosis of mccRCC be-
tween 1 January 2011 and 31 December 2022, who under-
went tumor tissue biopsy-based CGP. Patients were followed
from their index date, defined as the date of metastatic
diagnosis (mDx), until death or the last available observation
(within 31 December 2022). Exclusion criteria, applied only to
survival outcomes, were: missing mDx; mDx after 30 June
2022 (to ensure a follow-up period of at least 6 months); no
visit recorded after the cohort entry date (to exclude patients
with no follow-up); and evidence of a clinical study treatment
any time before the index date (to remove patients who were
previously in clinical trials). Cohort entry date was defined as
the date on which a patient enters the study cohort by having
met the required inclusion criteria.

Outcomes

The primary co-endpoints were the real-world frequency and
co-occurrence of molecular alterations. The mutation rate of
each gene was defined as the fraction of the population in
which a gene change from the wild-type (WT) to a specific
mutant (known or likely pathogenic variant) had been detected
at any time. A pair of genes was considered co-mutated if
concomitant mutations within single patients were detected.

The secondary endpoint was the prognostic effect of
mutated genes on OS, defined as time from the index date
until death from any cause or loss to follow-up. The date of
death was computed as a composite mortality endpoint,
derived from EHR data, obituary records, or Social Security
Death Index.** Patients without an event were censored on
the date of the last available activity.

Statistical analysis

A detailed statistical analysis plan is included in the
Supplementary Materials (available at https://doi.org/10.
1016/j.esmoop.2025.104294).  Baseline  characteristics
were summarized by using means, standard deviations,
medians, and interquartile range (IQR) for continuous var-
iables and counts and percentages for categorical measures.
Missing values were treated and reported as a separate
category. Alteration frequencies were presented together
with exact 95% confidence intervals (Cls) computed using
Clopper and Pearson procedure.

A mutual exclusivity/co-occurrence analysis was carried
out by using two-sided Fisher’s exact test, with Benjamini
and Hochberg correction for multiple testing. Odds ratios
greater/less than 1 indicate tendencies toward co-
occurrence/mutual  exclusivity. Clusters of co-occurring
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genes were identified via a pre-specified algorithm based on
previous published experiences (Supplementary Methods,
available at https://doi.org/10.1016/j.esmoop.2025.104294).

OS was analyzed using Kaplan—Meier (KM) methods. As the
earliest evidence of CGP may occur after the mDx (i.e. delayed
entry), the dataset is left truncated: patients with short survival
time who die before undergoing NGS testing are less likely to be
observed, introducing a potential bias (i.e. left truncation bias).
Risk-set adjustment was used to mitigate the risk of left trun-
cation bias,®* treating patients at risk only after they have
satisfied all inclusion criteria.>> Entry time was measured from
mDx until the later of their first FMI report date, or the second
visit date in the FH network, and was set to 0 if negative. The
assumption of independent left truncation was verified by
fitting a risk-set-adjusted univariate Cox model with entry time
as covariate.*® Univariate and multivariate Cox proportional
hazards (PH) models were carried out to assess the prognostic
role of each gene (if mutated in at least 20 patients) and cluster.
The analyses were run at the gene level to ensure sufficient
sample size. The mutational status was defined by the presence
of at least one positive test result at each given time point and
treated as a time-varying covariate. Patients were considered
cluster positive (C+) if they exhibited mutations in at least one
gene within the cluster and none in the remaining clusters. This
classification did not encompass the VHL tumor suppressor
gene, as its inactivation has been identified as one of the
earliest, pivotal, and most frequent driving events in the
development of ccRCC.*>*#% The results were presented as
hazard ratio (HR) and 95% Cl. The following covariates were
included as confounders: age, sex, race, Eastern Cooperative
Oncology Group (ECOG) performance status (PS) at first line of
treatment (L1), and treatment type at L1. The PH assumption
was tested with the scaled Schoenfeld residuals. If the
assumption was not met, alternative strategies (i.e. stratifica-
tion for confounders and continuous time-dependent co-
efficients for exposures) were adopted.

P values <0.05 were considered statistically significant.
All the statistical analyses were carried out using R version
4.2.2 (Posit. PBC, Boston, MA).

Sensitivity analyses. Two sensitivity analyses were con-
ducted to assess the robustness of the survival findings.
Firstly, we explored the analysis results using the multivar-
iate imputation by chained equations (MICE) method for
covariates.>” MICE imputes missing data iteratively using
chained equations, creating multiple datasets (50 in this
case) and pooling the results for more robust estimates. In
the second analysis, we restricted the cohort to patients
who met the inclusion criteria within a time window of 3
months from mDx (i.e. landmark analysis) and applied
standard survival analysis methods.

RESULTS

Patient population

The database included 1409 patients with metastatic RCC
(mRCC). For 177 (12.6%) the histology was not specified,
while 309 patients (21.9%) were diagnosed with non-clear-
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Table 1. Demographic and clinical characteristics of mccRCC patients

Characteristic Patients (n = 858)

Sex, n (%)
Male 604 (70.4)
Female 254 (29.6)

Age at metastatic diagnosis, years
Median (IQR) 61 (54-69)
Mean (SD) 61 (11)
Missing, n 4

Race, n (%)*
White 614 (71.6)
Other race 143 (16.7)
Not reported 49 (5.7)
Black or African American 27 (3.1)

Asian 19 (2.2)

Hispanic or Latino 6 (0.7)
Ancestry, n (%)

EUR 704 (82.1)

AMR 88 (10.3)

AFR 39 (4.5)

EAS/SAS 27 (3.2)
Stage at initial diagnosis, n (%)°

-1l 462 (53.8)

vV 380 (44.3)

Not reported 16 (1.9)
Type of diagnosis, n (%)

Recurrent 465 (54.2)

De novo 389 (45.3)

Not reported 4 (0.5)
Systemic treatment, n (%) 766 (89.3)
IMCD risk, n (%)°

Poor/intermediate risk 521 (68.0)

Favorable risk 66 (8.6)

Unknown 179 (23.4)

Not defined 92
Follow-up time, months®

Median (IQR) 34 (15-60)

Mean (SD) 43 (37)

Missing, n 4

AFR, African; AMR, American; EAS, East Asia; EUR, European; IMDC, International
Metastatic RCC Database Consortium; IQR, interquartile range; mccRCC, metastatic
clear-cell renal cell carcinoma; mRCC, metastatic renal cell carcinoma; SAS, South
Asia; SD, standard deviation.

“Genomic ancestry for each patient was computed using principal component
analysis of single nucleotide polymorphisms trained on data from the 1000
Genomes Project.”

PStage was defined by the American Joint Committee (AJC) on Cancer staging
system.

“De novo/recurrent disease was defined as less/more than 90 days between primary
diagnosis and diagnosis of metastatic disease.

4MDC risk score was calculated based on the IMDC risk model for metastatic RCC,
which predicts survival in patients with metastatic RCC treated with systemic
therapy.

“Follow-up time was calculated from the date of metastatic diagnosis to the date of
death or the date of last follow-up.

cell RCC (Supplementary Figure S1, available at https://doi.
org/10.1016/j.esmoop.2025.104294). Out of the 923
(65.5%) mccRCC patients, 858 were profiled with tissue-
based CGP and were included in this study. Demographic
and clinical characteristics of the study cohort are presented
in Table 1.

A total of 766 (89.3%) patients underwent systemic
therapies, with a median number of 2 treatment lines (IQR
1-4, range 1-13) (Supplementary Figure S2, available at
https://doi.org/10.1016/j.esmoop.2025.104294).  Among
them, 521 (68.0%) were classified as poor/intermediate risk
according to the International Metastatic Renal Cell Carci-
noma Database Consortium (IMDC) criteria and 66 (8.6%) as
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Figure 1. Genomic landscape of ccRCC. (A) Distribution of genomic alterations for the top frequently mutated genes (frequency >2%) across 858 mccRCC samples,
color coded by mutation type. Each column corresponds to a single patient. The vertical plot represents the number of mutations in each gene. (B) Co-occurring and
mutually exclusive gene pairs. P values were calculated using Fisher’s exact test. Rows and columns were ordered to highlight cluster patterns. (C) Gene network
graph. Nodes represent genes, with their sizes indicating the frequency of alteration and their colors representing the cluster membership. Edge colors indicate the
interaction type (green: co-occurrence, gold: mutual exclusivity).
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Figure 1. Continued.

favorable risk. The most common L1 therapies were anti-
angiogenic (44.8%), followed by immuno-combinations
(ICI 4 ICI 15.1%, ICl + antiangiogenic 13.4%), and experi-
mental treatments (14%) (Supplementary Table S1, avail-
able at https://doi.org/10.1016/j.esmoop.2025.104294).
ECOG PS at L1 was available for 453 (59.1%) patients, with
11.7% scoring >2 (6.9% of the whole treated cohort).

Specimen collection and testing pattern

A total of 501 (56.7%), 380 (43.0%), and 2 (0.2%) samples
were analyzed using FoundationOne® CDx®, Foundatio-
nOne®, and FoundationOne®Heme, respectively. In the 883
tissue specimens, 535 (60.6%) were obtained from different
metastatic sites (Supplementary Figure S3, available at
https://doi.org/10.1016/j.esmo0op.2025.104294).  Overall,
24 (2.8%) patients underwent multiple profile assessments,
with a maximum of three samples collected per patient.
Patients profiled with different assays are illustrated in
Supplementary Figure S4, available at https://doi.org/10.
1016/j.esmoop.2025.104294.

The majority of patients (98.0%) underwent NGS testing
after mDx [median time 10.3 months (IQR 1.8-33.3 months)].
Notably, more than half (55.1%) were tested using specimens
collected at or before the time of mDx, with a median
duration from specimen collection to testing of 3.8 months
(IQR 1.2-18.5 months) (Supplementary Table S2, available at
https://doi.org/10.1016/j.esmoop.2025.104294).

Genomic landscape of ccRCC

One or more genomic alterations were identified in 99.1%
(n = 850) of tumors, with a median of 3 mutated genes per
patient (IQR 2-5). The genomic landscape of mccRCC is
depicted in Figure 1A. The frequency of each mutated gene
is reported in Supplementary Table S3, available at https://
doi.org/10.1016/j.esmoop.2025.104294. The breakdown of

mutation classes for the top mutated genes is shown in
Supplementary Figure S5, available at https://doi.org/10.
1016/j.esmoop.2025.104294. As expected, VHL was the
most common altered gene (73.9%), followed by PBRM1
(42.4%), SETD2 (25.3%), CDKN2A (20.0%), BAP1 (16.4%),
CDKN2B (16.0%), KDM5C (14.5%), TP53 (12.9%), PTEN
(11.7%), and TERT (9.2%). The mutual exclusion and co-
occurrence of the top mutated genes are displayed in
Figure 1B. We identified 32 significant gene interactions
(Supplementary Table S4, available at https://doi.org/10.
1016/j.esmoop.2025.104294). CDKN2A and CDKN2B were
significantly associated with each other and with MTAP,
BAP1, and NF2. VHL was enriched with PBRM1 and TSC1. In
turn, PBRM1 showed significant co-occurrence with SETD2
and KDM5C, while TSC1 co-occurred with TERT and TP53.
TERT was enriched with DNMT3A. From visual inspection of
Figure 1B, three potential clusters of co-occurring genes
could be identified: cluster 1—C1 (VHL, SETD2, PBRM1,
KDM5C, and NFE2L2), cluster 2—C2 (TP53, TSC1, TERT, and
DNMT3A), and cluster 3—C3 (CDKN2A, CDKN2B, BAP1, NF2,
and MTAP). Cluster analysis on the gene network confirmed
this hypothesis (Figure 1C). Mutually exclusive patterns
were observed between C1 and C3, and C1 and C2 genes.
Notably, BAP1 was mutually exclusive with PBRM1. Other
mutually exclusive pairs were: TERT—BAP1, PTEN—MTOR,
and PTEN—TSCI.

Actionability. Level 1 genomic alterations (OncokB>®) for
any tumor type were found in 31.9% (n = 274) of patients,
while only 2.0% (n = 17) could be treated with a Food and
Drug Administration (FDA)-approved drug. Additionally,
based on clinical trials with active enrollment as of
December 2023 (https://clinicaltrials.gov/), 48.1% (n = 413)
and 30.0% (n = 257) of patients could be enrolled in a
clinical trial in the United States and Europe, respectively.
The list of detected actionable alterations is reported in

Edges with zero weight were not depicted. ccRCC, clear-cell renal cell carcinoma.
*Adjusted P < 0.05.
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Table 2. Prognostic implications according to mutated genes and gene clusters by univariate analysis and multivariate analysis
n (%) Median survival, months (95% Cl) Univariate Cox Multivariate Cox
WT MUT cHR (95% ClI) P value aHR (95% Cl) P value
Mutated genes
VHL 580 (74.2) 23 (15-32) 27 (21-32) 1.03 (0.83-1.28) 0.8 1.02 (0.82-1.27) 0.8
PBRM1 337 (43.1) 21 (15-29) 32 (26-38) 0.82 (0.68-0.99) 0.04 0.81 (0.67-0.98) 0.033
SETD2*" 199 (25.4) 27 (21-32) 22 (14-34) 0.92 (0.74-1.15) 0.5 1.03 (0.83-1.30) 0.8
CDKN2A 152 (19.4) 29 (24-34) 12 (9.5-20) 1.81 (1.45-2.26) <0.001 1.91 (1.52-2.41) <0.001
BAP1 125 (16.0) 26 (20-32) 24 (16-32) 1.14 (0.89-1.47) 0.3 1.13 (0.87-1.47) 0.4
CDKN2B 125 (16.0) 29 (24-34) 11 (8.5-18) 2.02 (1.60-2.55) <0.001 2.21 (1.73-2.82) <0.001
KDM5C™? 119 (15.2) 23 (17-29) 40 (32-56) 0.77 (0.58-1.01) 0.059 0.76 (0.57-1.01) 0.055
TP53 98 (12.5) 28 (22-32) 18 (12-26) 1.55 (1.20-2.02) <0.001 1.48 (1.13-1.94) 0.004
PTEN 88 (11.3) 27 (20-32) 23 (10-31) 1.39 (1.05-1.83) 0.021 1.35 (1.02-1.79) 0.039
TERT 73 (9.3) 24 (18-30) 35 (28-47) 0.9 (0.63-1.28) 0.6 0.89 (0.62-1.27) 0.5
TSC1 57 (7.3) 25 (19-30) 32 (20-55) 0.86 (0.58-1.26) 0.4 0.81 (0.54-1.21) 0.3
MTOR 45 (5.8) 24 (19-30) 35 (25-46) 1.02 (0.68-1.53) >0.9 0.96 (0.63-1.44) 0.8
NF2 41 (5.2) 27 (22-32) 12 (4.1-29) 1.84 (1.25-2.72) 0.002 1.82 (1.19-2.80) 0.006
PIK3CA 39 (5.0) 27 (22-32) 9.1 (2.6-27) 2.02 (1.36-3.00) <0.001 2.02 (1.35-3.03) <0.001
MTAP 36 (4.6) 27 (21-31) 12 (9.3-28) 2.36 (1.59-3.53) <0.001 2.6 (1.70-3.96) <0.001
TET2 34 (4.3) 25 (19-30) 30 (22-52) 1.12 (0.71-1.75) 0.6 1.12 (0.70-1.77) 0.6
ARID1A 32 (4.1) 26 (21-31) 13 (6.3-52) 1.33 (0.85-2.09) 0.2 1.5 (0.95-2.38) 0.081
Gene clusters
c1 291 (37.2) 19 (15-25) 40 (34-49) 0.61 (0.50-0.75) <0.001 0.63 (0.51-0.78) <0.001
c2 61 (7.8) 26 (19-31) 28 (17-42) 1.1 (0.78-1.56) 0.6 1.02 (0.71-1.46) >0.9
Cc3 104 (13.3) 27 (23-32) 18 (12-29) 1.32 (1.01-1.71) 0.04 1.36 (1.04-1.78) 0.023

aHR, adjusted hazard ratio; C, cluster; cHR, crude hazard ratio; Cl, confidence interval; MUT, mutated; PH, proportional hazards; WT, wild type.

Violation of PH assumption in univariate analysis.
®Violation of PH assumption in multivariate analysis.

Supplementary Table S5, available at https://doi.org/10.
1016/j.esmo0p.2025.104294.

Tumor mutational burden and microsatellite instability. Tis-
sue tumor mutational burden (tTMB) was evaluated in 639
samples, with a median value of 2.6 mut/MB (IQR 1.3-5 mut/
MB). In the tTMB-assessable population, only 2.4% of pa-
tients (n = 15/623) had high tTMB (>10 mut/MB). Out of the
735 samples examined for microsatellite instability (MSI),
88.4% (n = 650), 0.7% (n = 5), and 10.9% (n = 80) harbored
microsatellite stable, MSl-intermediate (MSI-I), and MSI un-
known, respectively; none showed MSI-high (MSI-H).

Survival

Overall, 782 (91.1%) patients were assessable for survival
outcomes (the baseline characteristics are reported in
Supplementary Table S6, available at https://doi.org/10.1016/
j.esmo0p.2025.104294). Median OS was 26 months (95% ClI
20-30 months), with a 60-month survival rate of 19% (95% Cl
15% to 22%). KM plots of top mutated genes are presented in
Supplementary Figure S6, available at https://doi.org/10.1016/
j.esmo0p.2025.104294. Univariate and multivariate Cox PH
analysis showed that eight genes were significantly related to
OS (Table 2). In the phosphoinositide 3-kinase/protein kinase
B/mammalian target of rapamycin signaling pathway, PIK3CA
[adjusted HR (aHR) 2.02, P < 0.001] and PTEN (aHR 1.35, P =
0.039) had a negative impact on prognosis. Patients with
CDKN2A/CDKN2B mutations were correlated with decreased
survival compared with CDKN2A/CDKN2B WT patients (aHR
1.91 and 2.21, respectively, P < 0.001). Similar associations
were found for tumor suppressors TP53 (aHR 1.48, P = 0.004),
NF2 (aHR 1.82, P = 0.006), and MTAP (aHR 2.60, P < 0.001).
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Mutant PBRM1 had better OS (aHR 0.81, P = 0.033), while no
correlation was found between survival outcomes and the
other chromatin remodeling modulator genes BAP1 and
SETD2. VHL had no prognostic value in this cohort. KDM5C was
associated with a decreased risk of death early on (HR; _—
o0 0.46), and then its effect tended to vanish (HR; — g0 months
1.01) (Supplementary Figure S7, available at https://doi.org/
10.1016/j.esmoop.2025.104294).

Prognostic role of gene clusters. A total of 291 (37.2%), 61
(7.8%), and 104 (13.3%) patients were categorized as C1+,
C2+, and C3+, respectively (Table 2). KM curves for the three
clusters are displayed in Figure 2 and Supplementary Figure S6,
available at https://doi.org/10.1016/j.esmoop.2025.104294.
C1+ patients had longer OS compared with C1— (aHR 0.63, P
< 0.001), while positivity to C3 predicted shorter OS (aHR 1.36,
P = 0.023). No association was observed between C2 and OS
(aHR 1.02, P > 0.9). Among treated cases, C1+ patients were
more frequently classified as favorable risk compared with C1—
(11.5% C1+ versus 6.7% C1—, P = 0.001). No significant dif-
ferences between C2+ and C2—, and C3+ and C3— patients
were observed in IMDC distribution.

Sensitivity analyses. Sensitivity analyses using MICE and
landmark analyses yielded similar results to the base case
(Supplementary Tables S7 and S8, available at https://doi.
org/10.1016/j.esmoop.2025.104294).

DISCUSSION

In this study, we analyzed the results of CGP carried out on
tissue samples in a real-world population of mccRCC pa-
tients included in a clinico-genomic database. To the best of
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Figure 2. Kaplan—Meier curves of C1 and C3. Plotted P values were derived from the univariate Cox proportional hazards regression model.

C, cluster.

our knowledge, this is the largest analysis linking the clinical
and genomic landscape of mccRCC, with 858 patients
investigated.

The demographic and clinical features of our study pop-
ulation were comparable to those of contemporary real-
world mRCC case series”***° encompassing mainly white,
male patients of European origin. Given the enrollment
time, and the average length of follow-up, the distribution
of L1 therapies was consistent with recently published
retrospective mccRCC cohorts.*>*? In our series, the most
represented first-line treatments were antiangiogenic
monotherapies (44.8%), which have been the first-line
SoC*“® over more than a decade, and immuno-
combinations (28.5%), which have demonstrated clinical
benefit over antiangiogenic monotherapy*’>' and repre-
sent the newest first-line SoC.

The genomic landscape reported in our study was
consistent with that previously described by TCGA research
network®*® and the major genomic profiling
cohorts.'?%?3°253 'y gene mutation was the most
frequent alteration (73.9% of tumors), followed by muta-
tions in chromatin remodeling modulator genes, such as
PBRM1 (42.4%), SETD2 (25.3%), and BAP1 (16.4%).

The analysis of the prognostic effect of mutated genes on
OS confirmed the known positive prognostic value of
PBRM1?’ and negative prognostic value of CDKN2A,*
MTAPR® PTEN,?® PIK3CA,>* and NF2.°° Conversely, SETD2
and BAP1, which showed a prognostic role in smaller pop-
ulations,*® showed no impact on survival. Our findings also
confirmed the positive prognostic role of KDM5C.>> How-
ever, this gene violated the PH assumption in multivariate
analyses and the prognostic effect on OS varied over time.
Further analyses are needed to better understand the
mechanisms underlying its prognostic role.

2.4% of our cohort had high TMB (>10 mut/MB), 0.8%
(n = 5/655) had MSI-I, and 0% had MSI-H. This is in line
with the literature data,”®>’ which highlight the scarce
tendency of ccRCC toward high TMB or high mutation
susceptibility, such as in the case of MSI-H tumors.
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Interestingly, patients with high TMB showed worse survival
(aHR 2.09, P = 0.027), in contrast to other studies published
in the literature, such as that of Samstein et al.”® who,
among RCC patients treated with ICI, described a better OS
in subjects with high TMB versus low TMB. It should be
noted that the study by Samstein et al. differs from our
study in the fist-line treatment and in the TMB-high defi-
nition.® Therefore, the potential role of TMB as a predictor
of response to ICI should be explored in future
dissertations.

Our results of the co-occurrence alterations are in line
with those reported by Clark et al.>®> and showed that VHL
mutations were co-occurring with other early alterations in
PBRM1, a 3p chromosome gene.” In addition, we observed
that PBRM1 mutations showed significant co-occurrence
with SETD2 and KDM5C mutations, but they were mutu-
ally exclusive with BAP1 mutations. The mutual exclusion
between PBRM1 and BAP1 was well established in the case
series by Bihr et al.,’° and their role as lineage-specific
drivers was elucidated in the in vivo study by Gu et al.®*
We also found a significant association between CDKN2A
and MTAP, whose co-occurrence was associated with sar-
comatoid differentiation in a case series by Xu et al.*®

Mutations of PBRM1, SETD2, and KDM5C were among
the most common co-occurring gene mutations in ccRCC,
following VHL, and they were included in C1. The positive
prognostic impact of genes included in C1 observed in our
study (aHR 0.63) was also reported by Liu et al.°> who
highlighted that ccRCC with PBRM1 mutations was usually
associated with a favorable prognosis, even if the co-
occurrence of SETD2 mutations, with or without KDM5C
mutations, could reduce this protective effect.

C2 encompassed TERT (the telomerase reverse tran-
scriptase), DNMT3A (a gene coding for a protein involved in
DNA methylation), and two tumor suppressors, TP53 and
TSC1. The association between these genes was only
recently described in a ccRCC cohort by Mar et al.,*® who
showed frequent co-mutations of TP53 and TSC1 in TERT-
mutated ccRCC. In our cohort, no association was found
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between C2 and OS (aHR 1.02). To the best of our knowl-
edge, this is the first study that evaluated the prognostic
impact of these genes in ccRCC. Future analyses could
further investigate the prognostic effect of this cluster.

In C3, we included CDKN2A/B (cell cycle-regulating ki-
nases), BAP1 (a chromatin modulator), NF2 (a tumor sup-
pressor), and MTAP (an enzyme implied in polyamine
metabolism). C3+4 patients showed worse survival than
C3— patients (aHR 1.36). Interestingly, the association be-
tween NF2, CDKN2A/B, and BAP1 has already been
described in the literature and showed a correlation with
sarcomatoid features and programmed death-ligand 1
expression.21 Moreover, the co-occurrence of CDKN2A and
MTAP was associated with sarcomatoid features and a
worse prognosis.'¥**¢>

This study suggests that data on ccRCC genomic alter-
ations obtained using a standardized commercially available
test could be integrated into clinical practice. Firstly,
genomic profiling could identify specific biomarkers that can
be treated with FDA-approved treatments. However, only
2.0% of the patients in our series could have received FDA-
approved treatments because of the specific alterations
identified in their tumors. The test also identified alterations
that could have allowed the enrollment of patients in
specific clinical trials. Approximately, 30.0% and 48.1% of
the patients included in the present analysis could have
been enrolled in biomarker-driven clinical trials in Europe
and the United States, respectively. This is of utmost
importance if we consider that among the major basket
trials of the last decade (i.e. HERALD,*® MOSCATO,"’
SHIVA,®® WINTHER,®® ProfilER,’® myPathway,”* MATCH,””
I-PREDICT,”®> and DRUP’?) RCC patients were often not
included or were present in a dismal percentage (1%-4.2%).
In our study, consistent with other real-world data, most
patients (86.5%) were profiled after evidence of metastases
with a median time from mDx to NGS testing of 14.5
months. Vasudev et al.”” correlated the disease-free survival
of patients with radically resected RCC with their genomic
alterations, and they developed an algorithm to select pa-
tients who should receive adjuvant treatment based on the
number of genomic alterations.”” In the light of the latest
therapeutic advances, genomic profiling should also be
considered in patients with localised ccRCC, so as not to
preclude them from accessing adjuvant SoC and biomarker-
driven clinical trials, and should be repeated at metastatic
disease progression.

Furthermore, knowing the genetic clusters of each tumor
could help mccRCC decision making in clinical practice. C1+
patients showed a favorable prognosis and a longer OS from
mDx; therefore, they tend to have a better duration of
response to systemic therapies used in clinical practice. C1+
patients obtained good treatment outcomes both with
sequential monotherapies and with immuno-combinations;
therefore, these patients should be carefully evaluated
since the option of therapeutic de-escalation (sequential
monotherapies instead of immuno-combinations) should be
considered. Conversely, C3+ patients showed a worse
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prognosis and less response to common clinical practice
therapies. These patients should be considered for clinical
trial enrollment, particularly in biomarker-driven basket
trials.

Lastly, knowing the genomic landscape of patients with
mMRCC should be considered as an investment, whose value
can only grow over time: mutations that today are consid-
ered undruggable could become druggable in the foresee-
able future. This has happened recently with the
introduction of KRAS inhibitors,’® and it is currently
happening with the first positive clinical results of p53
structural correctors.”” The latter class of molecules might
have some relevance in mccRCC management, since TP53
mutations are quite common in this population (12.9% of
the patients in our series).

This research is subject to several limitations, some of
which are inherent in most observational studies, such as
unmeasured confounding, misclassification, and incomplete
data entry. The cohort comprised US patients treated pri-
marily at community centers who underwent CGP testing as
a part of their care. Due to this selection bias, the analysis
involves a type of patient who may not be representative of
the entire population of mccRCC patients, and results may
not be generalizable to a broader patient population.
Nonetheless, the information obtained from the database is
reflective of the real-world patient population.

The majority of patients in the database have only a
single biopsy available for testing, which limits our ability to
fully characterise the mutational landscape of ccRCC, given
the well-documented intratumoral heterogeneity.”® This
limitation is less evident in biopsies from metastatic sites,
which are more prone to represent the dominant subclone
driving metastasis. However, single-region biopsies from
primary tumors may not adequately capture the molecular
profile of the metastasizing clone due to the high intra-
tumoral heterogeneity.”**° Furthermore, the use of a
single-region biopsy methodology may result in an under-
estimation of mutational co-occurrence, which could
potentially compromise the accuracy of the clustering
analysis. In order to corroborate the prognostic relevance
and composition of the identified clusters, an external
validation is required.

Other biases are related to the time of enroliment, as
patients enrolled earlier had a longer follow-up than pa-
tients enrolled later, which may have biased the survival
analysis, and the change in the therapeutic landscape dur-
ing the 12-year observation period, which could make the
observed treatment pattern not representative of current
clinical practice.

Lastly, the CGDB is subject to left truncation: in order for
patients to be included in the database, they must first have
survived long enough to receive NGS testing. To account for
left truncation bias, we applied risk-set adjustment, which
relies on the assumption of independence between survival
and entry time. This assumption was nearly met (HR 1.02,
95% Cl 1.02-1.03), indicating a modest degree of dependent
left truncation. As a consequence, survival estimates
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obtained using risk-set adjustment might be biased. However,
the bias was likely to be low, because landmark analysis re-
sults were generally consistent with the primary findings,
despite being conducted on a limited sample size. Overall,
sensitivity analyses suggested robustness in our conclusions.

In conclusion, we reported the genomic landscape of a
large cohort of patients with mccRCC and identified two
prognostic clusters of co-occurring genes. These findings
contribute to a better understanding of the molecular fea-
tures of mccRCC and promote further analyses focused on
validating the predictive role of ccRCC genomic alterations
and finding the biological basis for gene clusters to increase
recruitment into biomarker-driven clinical trials, aid clini-
cians in therapeutic choice, and improve personalized
therapeutic strategies.
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